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Solar neutrinos and the violation of the equivalence principle
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Department of Physics, Purdue University, West Lafayette, Indiana 47907

~Received 28 October 1998; published 7 October 1999!

In this Brief Report, a non-standard solution to the solar neutrino problem is reexamined. This solution
assumes that neutrino flavors could have different couplings to gravity; hence, the equivalence principle is
violated in this mechanism. The gravity induced mixing has the potential of accounting for the current solar
neutrino data from several experiments even for massless neutrinos. We fit this solution to the total rate of
neutrino events in the SuperKamiokande detector~first 504 days! together with the total rate from other
detectors and also with the SuperKamiokande results for the recoil-electron spectrum.
@S0556-2821~99!05019-5#

PACS number~s!: 13.15.1g, 04.80.Cc, 14.60.Lm, 14.60.Pq
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I. INTRODUCTION

At present several neutrino detectors indicate that ther
a major discrepancy between the standard solar m
~SSM! predictions for the solar neutrino flux@1# and its ob-
served value. Recently, five neutrino experiments~GALLEX
@2#, SAGE @3#, Homestake@4#, Kamiokande@5# and Su-
perKamiokande@6#! reported that the observed neutrino flu
is less than the values predicted by the SSM for differ
neutrino energies. The first three experiments detect the s
electron neutrinos,ne , via absorption processes, so they
not give any information about the direction and ener
spectrum of the observed neutrino events. The last two w
Cherenkov detectors employne-e scattering, so the direction
and energy distribution of the detected neutrino can be fa
determined. This would allow us to test theoretical mod
not only against the measured total rate but also agains
energy spectrum of the neutrino flux. The analysis of the fi
504 days data from SuperKamiokande@7# ~SK!, when com-
bined with the data from earlier experiments, provide us w
important constraints on the famous Mikheyev-Smirno
Wolfenstein~MSW! effect @8# and vacuum oscillation solu
tions of the solar neutrino problem. The MSW effect i
volves the standard neutrino interactions with the ma
background in the Sun, leading to an enhancedne-nx reso-
nant transition. The ‘‘just so’’ vacuum oscillation solutio
explains the suppression using only vacuum oscillations
the neutrinos on their way to Earth. This solution is in fact
slightly better agreement with the recent data from SK th
the matter-induced MSW effect@9#. However, it requires
some ‘‘fine-tuning’’ of the Sun-Earth distance to account
the apparent deficit. Both of these solutions require that n
trinos have non-degenerate masses; they will be referre
as the mass-induced~MI ! scenario.

In this Brief Report, we explore yet another possible s
lution of the solar neutrino problem. However, it requires
rather unorthodox assumption, that the neutrino flav
couple differently to gravity. This is a statement of the vi
lation of the weak equivalence principle which stipulates t
all matter couples equally to gravity. This solution has be
suggested by different authors@10,11#; here, we consider the
violation of equivalence principle~VEP! scenario in the light
of the first 504 days results of the total rate and rec
electron spectral shape from the SK detector. It should
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noted that the pure VEP mechanism does not require
introduction of neutrino masses and thus can be consis
with a zero or degenerate mass scheme for light neutr
(ne , nm). We assume a two-flavor oscillation scenario
our analysis for simplicity. A complete VEP three-flavo
analysis treatment was studied@12#; however, the presen
experimental results are not enough to constrain the par
eter space for a three-flavor analysis. So the assump
made here is that the VEP mechanism, if it were to be
cause of the solar neutrino problem, is due to only two n
trino flavors. A mixed VEP1MI scenario where neutrinos
are assumed to be massive was studied by the authors of@13#
assuming that the MI effect is the main cause of the neutr
flux deficit. We do not cover this possibility here.

In addition to the VEP scenario considered here, there
other scenarios which are related to the violation of equi
lence principle. The first involves the neutrino coupling
the massless dilaton field which arises from string the
@14,15#. This scenario allows for a vacuum oscillation sol
tion of the solar neutrino problem, but there is no clear d
tinction to be made in the present neutrino experiments
tween it and the conventional mass mixing. The second
proposed by Glashowet al. @16# assumes that Lorentz invar
ance is violated during neutrino propagation. The analysi
equivalent to the VEP scenario with a redefinition of para
eters. In this scenario, different neutrino flavors are allow
to have different velocities under the assumption that
gravitational potentialF(r ) does not change appreciab
over the distance of interest.

The article is organized as follows. Section II present
x2 analysis of the solar neutrino data which is used to c
strain the relevant VEP parameters. Some concluding
marks are given in Sec. III.

II. NUMERICAL ANALYSIS

The violation of the equivalence principle has been tes
in several famous experiments by Eo¨tvös, Dickeet al., etc.
@17#. The current bounds on the extent of the violation s
allow an appreciable parameter space for the mechanism
have an effect on the neutrino propagation in regions wh
we have large gravitational fields. As stated before, we c
sider here the simple case of a pure VEP mechanism w
the neutrinos are assumed to be massless.
©1999 The American Physical Society01-1
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In the presence of ordinary matter, the propagation eq
tion for masslessneutrinos in a gravitational field can b
written as1 (nx5nm ,nt)

i
d

dx S ne

nx
D 52EdgS A

1

2
sin 2uG

1

2
sin 2uG cos 2uG

D S ne

nx
D , ~1!

whereE is the neutrino energy anddg[uFud f , d f being
the mismatch between the gravitational couplings of neu
nos. We shall usedg in our analysis instead ofd f due to the
ambiguity in choosing the potentialF(r ) @11#.2 Adg
[A2GFNe /2E represents the charged weak interaction te
between the neutrinos and the electrons in matter wit
number densityNe . In matter, the survival probability is
given by

P~ne→ne!5
1

2
1S 1

2
2PcD cos 2uGcos 2uGm ~2!

where the matter mixing angleuGm is defined as tan 2uGm
5sin 2uG /(cos 2uG2A) andPc is the level-crossing probabil
ity given by its standard form for an exponentially varyin
density~see last reference of@8#!. The survival probability is
plotted versusEdg for different values of sin22uG in Fig. 1.

In the following discussion, we present ax2 analysis of
the first 504 days solar neutrino data in the light of the V
mechanism. In Sec. II A, ax2 analysis on the total rate of th
neutrino flux is first performed to obtain the constraints
the VEP parameters (dg, sin22uG). The following section,
Sec. II B, deals with the analysis of the recoil-electron sp
trum from the SK detector. Both analyses are then combi
to constrain the relevant VEP parameters.
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A. Total rates

The experimental results of the total rates for the fo
neutrino experiments used in this article are shown in Ta
I. We use the predictions of the Bahcall-Pinsonneault st
dard solar model of Ref.@18# ~BP98! assuming the Institute
of Nuclear Theory~INT! estimate@19# for the 8B production
cross section. Our procedure takes into account the un
tainties in the theoretical estimates of the neutrino flux. T
x2 function is given by@9#

x rates
2 5 (

i , j 51, . . . ,4
~Ri

th2Ri
expt!Vi j

21~Rj
th2Rj

expt!, ~3!

where Ri
th(expt) represents the VEP theoretical predictio

~experimental values! of the neutrino detection rate divide
by the SSM predictions for thei th experiment.Vi j is the
error matrix which contains the theoretical uncertainties

FIG. 1. The survival probabilityP(ne→ne) in the VEP sce-
nario. It is plotted against the product of the neutrino energyE and
the measure of the equivalence principle violationdg (a5Edg in
units of 10212 eV).
erable
TABLE I. The current experimental results and SSM predictions for the total rate in four neutrino
detection experiments. The rate is measured in SNU for all of the experiments except the SuperKamiokande
detector. The SSM predicted rates are based on the Bahcall-Pinsonneault standard solar model~BP98! of Ref.
@18#. The theoretical errors are at the 1s level.

Experiment Experimental rate SSM predicted rate Threshold energy

Homestake~Cl! @4# 2.5560.25 7.721.0
11.2 0.81 MeV

GALLEX ~Ga! @2# 77.566.224.7
14.3 12926

18 0.24 MeV
SAGE ~Ga! @3# 66.628.1

17.8 12926
18 0.24 MeV

SuperKamiokandea @6# 2.44610.0520.07
10.09 5.1520.7

11.0 6.5 MeV

aThe SuperKamiokande result is given in terms of the measured8B flux in 106 cm22 s21.

1See Refs.@10,11# for a detailed discussion on the theory of the VEP mechanism.
2Many authors suggest that the correct choice of the potential lies in choosing the potential of the Great Attractor,F;1025, not the solar

potential,F;1026. We will assume the former potential to be the dominant in our analysis, especially in that it has no consid
variation over the relevant distance scale.
1-2
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well as the experimental errors for each experiment.3 Figure
2 shows the 90% and 95% C.L. regions for the VEP para
etersdg and sin22uG with xmin

2 50.46. This is to be compare
to our estimate of the MI best fit corresponding to the MS
small angle solution to the solar neutrino problem, wh
xmin

2 50.62. Ourxmin
2 value for the MI solution is not in good

agreement with the value obtained in Ref.@9# due to the

FIG. 3. The ratio of the VEP predicted recoil-electron spectr
F(Ee) to the SSM spectrumFSSM(Ee) for different values ofdg
anduG . The ratio is normalized to 1 atEe511.7 MeV. The error
bars indicate the statistical and systematic errors of the experim
tal data.

3See Ref.@20# for a detailed discussion on the construction of t
error matrix in solar neutrino analyses.

FIG. 2. Contour plot of the allowed regions in the (dg,sin22u)
plane. These are found from the results of the total rate for the
neutrino experiments~HomeStake, GALLEX, SAGE and SuperKa
miokande!. The GALLEX and SAGE results have been combin
in the analysis. The solid curve represents the 95% C.L. reg
while the dashed one indicates the 90% C.L. region. The star sh
the position of the best fit solution atxmin

2 .
09730
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simplified assumptions we took in our analysis, especia
neglecting the profile of the neutrino production regio
However, these simplifications do not change our conc
sions since the purpose of this paper is to see whether or
the VEP solution is allowed at the same level of confiden
or less compared to the MI solution. In Fig. 2, we see t
there are two allowed regions: the first is atdg;10218 and
sin22uG;1023 ~small angle solution!, while the second re-
gion appears at a smaller value ofdg;10221 and maximal
mixing whereuG&p/4 ~large angle solution!.

B. Recoil electron spectrum

We next consider the analysis of the SK recoil electr
spectrum using the followingx2:

xspectra
2 5 (

i , j 51, . . . ,16
~af i

th2f i
expt!V8 i j

21~af j
th2f j

expt!.

~4!

Heref i
th(expt) is the i th energy bin theoretical~experimental!

value for the measured flux divided by the SSM predictio
The error matrix used here is given asVi j8 [s i

stats j
statd i j

1s i
systs j

syst @9#. a is the flux normalization parameter whic
is allowed to vary independently ofdg and sin22uG . This
variation allow for the testing of measured spectrum and
the overall rate of SK. Figure 3 shows the ratio of the VE
predicted flux to the SSM predictions for the8B neutrino
flux plotted against the recoil electron energy. The predic
ratio and the experimental results are normalized at4 11.7

4The plots shown are normalized to one at this value since we
allowing the flux normalization to vary and we have to fix the ra
at a certain energy.

n-

FIG. 4. Contour plot of the exclusion region in the (dg,sin22u)
plane. The dotted curve shown is an isocontour atx2525.0 for 13
degrees of freedom withxmin

2 514. This has been based on th
recent results of the recoil-electron spectral shape from the 504
SK data run. The regions allowed from the rate analysis are
shown. As in Fig. 2, the dashed curve represents the 90%
while the solid curve represents the 95% C.L.
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BRIEF REPORTS PHYSICAL REVIEW D 60 097301
MeV. Figure 4 presents the spectral shape analysis exclu
region at thex2525.0 level (xmin

2 514) for 13 degrees o
freedom ~16 energy bins minus three free parameters! to-
gether with the allowed regions from the rate analysis.
note that both the small angle solution and the large an
solution from the rate analysis are not affected.

In the spectral shape analysis, we allow the hep flux c
tribution to vary as suggested in Refs.@21# to see whether we
will get any effect on the exclusion region or not. It is foun
that a hep flux enhancement of about 103 is needed to have
any appreciable effect on the exclusion region. In any ca
the exclusion region does not intersect with any of our
lowed regions from the rate analysis. Thus, the spec
shape analysis based on the recent SK data yields no a
tional constraints on the VEP allowed parameter space.

III. DISCUSSION

We have shown in this Brief Report that the VEP scena
is still a viable solution to the solar neutrino problem. Fro
just the rate analysis, we obtain two allowed regions in
no
d

tt

.

d
y
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VEP parameter space: the first is atdg;10221 and maximal
mixing, while the second is at a smaller value ofdg
(;10218) and sin22u;1023. The spectral shape analysis h
no effect on these allowed regions. We should also note
the combined best fit regions are still allowed by the curr
experimental bounds on the violation of the equivalen
principle. Although the allowed parameter regions for t
scenario are quite small and may seem unlikely, they are
no means excluded by the available data. Thus, to obtain
final word about either the MI or VEP explanations to t
solar neutrino problem, more data are needed, especiall
the solar neutrino spectral shape from the SK and SNO
tectors, so that we can eventually accept or reject one
these scenarios.
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